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INTRODUCTION 


Tantalum  is  being  considered  as  a  replacement  for  chromium  in  use  as  a  protective  bore 
coating  material  for  medium  and  large  caliber  military  gun  tubes.  Tantalum,  in  its  common  bulk 
body-centered-cubic  form  (bcc  phase),  is  highly  refractory  (mp  =  2996°C  versus  1860°C  for 
chromium)  and  has  a  relatively  low  thermal  conductivity  (57  W/m°C  versus  91  W/m°C  for 
chromium  at  20°C).  In  addition,  tantalum  is  chemically  resistant  to  corrosive  propellant  gases 
and  the  bcc  phase  is  much  more  ductile  than  chromium,  making  it  far  less  susceptible  to  crack 
formation  causing  coating  failure  in  gun  tube  applications.  Tantalum  is  also  not  plagued  by  the 
health  and  environmental  issues  associated  with  the  plating  baths  used  for  application  of  the 
chromium  coatings. 

One  approach  being  evaluated  for  depositing  tantalum  coatings  on  gun  bore  surfaces  is 
sputtering  (refs  1-4).  However,  besides  the  desirable  bcc  form,  vapor-deposited  tantalum  is  often 
found  to  exist  in  the  form  of  a  tetragonal  phase  commonly  referred  to  as  beta-tantalum  (refs  5-7). 
The  beta  phase  is  metastable,  reverting  to  the  bcc  form  at  temperatures  above  750°C,  and  is 
much  harder  and  more  brittle  than  the  bcc  phase.  Typical  Knoop  microhardness  values  for  beta- 
tantalum  are  greater  than  900  versus  Knoop  values  of  300  to  400  for  bcc  tantalum  (ref  2).  These 
properties  make  beta-tantalum  more  susceptible  to  crack  formation  and  failure,  and  hence  less 
desirable  for  bore  coating  applications  where  high  shear  forces  are  present.  Often  mixed-phase 
deposits  are  observed  in  thick  sputtered  tantalum  (refs  1 ,2). 

Because  of  the  importance  of  tantalum  as  an  electronic  material,  and  because  the  bcc  and 
beta  forms  have  distinct  electrical  properties,  conditions  for  the  preferred  nucleation  of  the  two 
phases  in  thin-film  form  have  been  extensively  studied  (refs  8-14).  Unfortunately,  extrapolation 
of  those  thin-film  deposition  conditions  to  the  high-rate  requirements  and  relatively  thick 
coatings  needed  for  gun  bore  applications  (typically  >75  pm)  are  not  necessarily  straightforward. 
Additional  complications  arise  from  the  necessary  use  of  steel  as  the  substrate  material,  the 
cylindrical  geometry,  and  thermal  and  stress  cycling  to  which  the  coatings  are  subjected  under 
use  in  gun  tube  applications. 

This  report  presents  the  results  of  the  latest  studies  undertaken  at  the  Pacific  Northwest 
National  Laboratory  in  which  we  have  evaluated  the  phase  distribution  and  microstructure  in 
thick  tantalum  films  produced  using  a  cylindrical-geometry,  high-rate  triode-sputtering 
apparatus.  In  prior  papers,  we  have  described  the  use  of  a  niobium  underlayer  to  promote  bcc 
formation  (ref  1),  and  have  presented  preliminary  results  relating  the  effects  of  sputtering  gas 
species  and  substrate  temperature  to  the  tantalum  phase  produced  directly  on  steel  substrates  (ref 
2).  This  report  presents  additional  results  of  studies  evaluating  these  variables,  as  well  as 
preliminary  results  on  the  effects  of  sputtering  bias  on  both  the  tantalum  phase  and  coating 
microstructure. 
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EXPERIMENTAL  METHOD 


Coating  Conditions 


Thick  tantalum  coatings  (80  to  150  |im)  were  deposited  on  the  inner  surfaces  of  bored- 
through  4340  steel  right  circular  cylinders  (25-mm  inner  diameter,  42 -mm  outer  diameter,  77- 
mm  long)  using  a  high-rate,  cylindrical  geometry  sputtering  apparatus  described  in  a  prior 
publication  (ref  2).  Noteworthy  components  of  the  system  are  briefly  summarized.  A  tantalum 
ribbon  auxiliary  cathode  mounted  in  the  base  below  the  steel  substrate  cylinder  was  used  as  an 
electron  source  to  support  a  low-pressure  plasma  in  the  system.  The  lid  of  the  apparatus,  at  the 
opposite  end  of  the  cylinder,  acted  as  the  anode.  The  steel  substrate  cylinders  were  slip-fit  into  a 
water-cooled  aluminum  jacket  that  also  served  as  the  outer  vacuum  chamber.  The  outside 
diameters  of  the  steel  substrate  cylinders  were  precision  machined  so  that  the  substrate 
temperature  during  sputter  deposition  was  controlled  by  the  difference  between  the  outer 
diameter  of  the  substrate  cylinder  and  the  inner  diameter  of  the  aluminum  jacket. 

The  substrate  cylinder  temperature  was  limited  as  it  was  heated  (due  to  plasma  exposure 
and  coating  process  effects)  and  achieved  a  thermal  equilibrium  with  the  water-cooled 
aluminum.  Substrate  temperatures  were  monitored  by  using  two  spring-loaded,  metal-sheathed 
thermocouples  mounted  through  o-ring  sealed  feed-throughs  in  the  aluminum  jacket. 
Thermocouple  tips  were  inserted  into  small  wells  machined  into  the  outer  surface  of  the  steel 
substrate  cylinders.  A  water-cooled  tantalum  sputtering  target  assembly  consisted  of  a  10-cm 
length  of  heavy-walled  tantalum  tubing  (9.5-mm  outer  diameter)  brazed  to  stainless  steel  tubing 
extensions.  O-ring  sealed  fittings  at  the  top  and  bottom  of  the  vacuum  chamber  centered  the 
target  assembly  along  the  longitudinal  axis  of  the  substrate  tube.  These  fittings  also  allowed 
cooling  water  connections  to  be  made  to  the  target  externally,  thus  permitting  movement  of  the 
tantalum  section  into  and  out  of  the  sputtering  position  by  translating  the  target  assembly  along 
its  axis. 


Coating  runs  included  a  pre-run  system  plasma  bake-out  at  full  plasma  power  (60  A 
plasma  current  using  krypton  gas  for  one  hour)  to  minimize  background  gas  contamination. 

After  the  pre-run  bakeout,  the  system  was  allowed  to  cool  overnight.  During  the  coating  phase 
of  the  run  on  the  following  day,  the  system  was  raised  to  full  plasma  power  over  a  30-minute 
period  with  the  sputtering  gas  to  be  used  for  that  run.  A  series  of  plasma  etches  was  performed 
on  all  components  exposed  to  sputtered  species  (-100  V,  5  mA/cm^,  5  minutes),  as  well  as  on  the 
substrate  tube  (-100  V,  5  mA/cm^,  10  minutes).  The  tantalum  portion  of  the  target  tube  assembly 
was  retracted  into  a  protected  area  of  the  apparatus  so  that  it  was  not  exposed  to  material 
sputtered  from  the  substrate  tube  and  other  components  during  ion  cleaning.  The  stainless  steel 
extension  on  the  target  thus  served  as  a  "catcher"  for  material  removed  from  these  components. 

At  the  completion  of  the  etch  process,  the  tantalum  portion  of  the  target  was  moved  into 
position  and  conditions  were  adjusted  to  those  required  for  the  sputtering  run.  Run  times  were 
chosen  to  produce  coating  thicknesses  commonly  used  for  gun  bore  applications  (75  to  150  pm). 
Background  gases  were  monitored  during  both  the  pre-run  bakeout  and  the  coating  phase  of  the 
run  by  using  a  residual  gas  analyzer.  At  the  completion  of  the  coating  run,  the  system  was 
allowed  to  cool  overnight  before  being  vented  with  dry  nitrogen  for  substrate  removal. 
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A  set  of  baseline  coating  conditions  from  which  parameters  were  varied  for  evaluation 
included: 

•  200°C  substrate  temperature 

•  Krypton  sputtering  gas 

•  ~4.5  Pa  sputtering  gas  pressure 

•  -1500  V  DC,  10  mA/cm^  target 

•  -100  V  DC,  ~5  mA/cm^  substrate 

These  baseline  conditions  were  chosen  because  they  combined  high-coating  deposition 
rates  (~25  pm/hour),  a  dense  coating  microstructure,  and  primarily  bcc  phase  deposition. 
Specific  run  condition  parameters  for  the  samples  discussed  in  this  report  are  summarized  in 
Table  1. 


Table  I.  Deposition  Conditions  and  Properties  of  Thick  Tantalum  Coatings 
Produced  Using  a  Cylindrical  Triode-Sputtering  Apparatus 


Run 

# 

Sputtering 

Gas 

Substrate 

Bias 

(V) 

Gas 

Pressure 

(Pa) 

Substrate 

Temperature 

(°C) 

Run 

Duration 

(hr) 

Avg. 

Coating 

Thickness 

(Mm)“ 

Growth 

Surface 

Phase'’ 

Preferred 

Crystal 

Orientation^ 

Coating 
Microhardness 
(Avg.  Knoop) 

121 

-100 

0.67 

202-210 

7.0 

100 

beta 

none 

813 

132 

Kr 

-100 

0.40 

203-211 

5.7 

140 

bcc 

110 

393 

125 

Xe 

-100 

0.40 

184-188 

4.5 

150 

bcc 

110 

301 

147 

Xe/Ar 

-100 

0.40/0.67 

162-171^^ 

1. 5/2.0 

80 

beta 

222,211, 

321 

312/677 

146 

Xe 

-100 

0.40 

98-109 

4.0 

130 

bcc 

no 

283 

150 

Kr 

0 

0.45 

181-197 

5.0 

130 

beta 

002,  211 

1166 

155 

Kr 

-50 

0.45 

186-202 

5.0 

140 

bcc 

no 

401 

161 

Kr 

-100 

0.45 

202-205 

5.0 

120 

bcc 

no 

376 

152 

Kr 

-150 

0.45 

197-204 

5.0 

120 

bcc 

no  (weak) 

387 

163 

Kr 

0/-100 

0.45 

199-200 

3. 0/2.0 

130 

bcc 

no 

1129/349 

158 

Xe 

50/30/0/100 

0.40 

199-202 

1.0/1. 0/1. 0/1.0 

140 

bcc 

no 

1047/354 

“Average  coating  thickness  calculated  based  on  substrate  weight  gain  and  assuming  a  coating  density  of  bulk 


tantalum. 

'’By  growth  surface  x-ray  diffraction. 

“Bold  parameter  indicates  significant  deviation  from  baseline  conditions. 

‘‘Sample  temperature  for  this  run  was  -30'’  lower  than  anticipated  due  to  an  error  in  machining  the  outer  substrate 
diameter. 


Coating  Characterization 

Coated  cylinders  were  sectioned  using  a  carbide  cutoff  wheel.  Optical  micrographs  and 
Knoop  microhardness  diamond  indentation  measurements  (100-g  load)  were  taken  on  mounted 
and  polished  coating  cross  sections.  The  samples  were  subsequently  acid  etched  to  reveal  the 
coating  microstructure,  and  additional  micrographs  were  taken.  The  phase  distribution  and 
preferred  crystallographic  orientation  at  the  growth  surface  was  established  using  a  Scintag 
PTS2000  x-ray  diffractometer  operated  with  copper  K-alpha  radiation. 
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RESULTS  AND  DISCUSSION 


Unless  otherwise  noted,  the  growth  surfaces  of  the  tantalum  deposits  described  in  this 
report  were  metallic  gray  in  appearance  and  were  smooth  and  reflective.  Some  samples  also 
contained  areas  having  a  slightly  hazy  appearance,  suggesting  minor  growth  surface 
irregularities.  All  coatings  appeared  adherent  to  the  substrate  tube,  and  did  not  debond  as  a  result 
of  sectioning  with  an  abrasive  cutoff  wheel.  The  crystallographic  and  metallographic  analyses  of 
the  samples  discussed  below  are  included  in  Table  1. 

We  have  previously  demonstrated  that,  under  otherwise  similar  baseline  coating 
conditions,  heavier  sputtering  gases  (krypton,  xenon)  exhibited  a  stronger  tendency  to  produce 
the  bcc  phase  in  thick  sputtered  tantalum  coatings  than  the  more  commonly  used  sputtering  gas, 
argon.  This  conclusion  was  supported  by  surface  x-ray  analysis  and  by  microindentation 
measurements  taken  on  cross-sectioned  samples  produced  using  the  individual  gases  (ref  2).  In 
addition  to  crystallographic  phase  differences,  the  coating  microstructure  was  also  affected  by 
the  use  of  the  different  sputtering  gases.  Figure  1  contains  photomicrographs  of  acid-etched 
tantalum  coatings  produced  using  argon,  krypton,  and  xenon  under  otherwise  similar  coating 
conditions.  Distinct  phase  composition  and  microstructural  differences  were  observed  in  the 
tantalum  coating  as  a  result  of  using  the  different  gases.  Specifically,  the  use  of  argon  gas 
resulted  in  the  formation  of  a  primarily  beta  phase  coating  consisting  of  a  porous  columnar 
structure  (Figure  la).  In  contrast,  the  use  of  xenon  gas  produced  a  fine-grained,  dense 
microstructure  consisting  exclusively  of  the  bcc  phase  (Figure  Ic).  The  sample  deposited  using 
krypton  gas  under  these  conditions  (Figure  lb)  was  primarily  fine-grained,  dense  bcc  tantalum. 
However,  the  krypton-generated  coating  also  contained  some  beta-phase  material  at  the  interface 
and  in  randomly  spaced  porous  stringers  extending  through  the  bcc  layer  in  the  direction  of  the 
coating  growth. 

An  additional  sample  (#147)  was  produced  in  which  a  first  layer  was  deposited  using 
xenon  gas,  followed  immediately  by  deposition  of  a  surface  layer  using  argon.  During  the 
transition  between  the  two  gases  (~2  minutes),  the  target  voltage  was  turned  off,  the  plasma  was 
extinguished,  and  xenon  was  pumped  out  of  the  system  and  replaced  by  argon  gas.  A  roughly 
10°C  drop  in  substrate  temperature  was  noted  during  the  gas  changeover,  but  the  equilibrium 
temperature  was  rapidly  reestablished  after  resumption  of  sputtering  with  argon. 

Figure  2  shows  a  photomicrograph  of  the  acid-etched  tantalum  coating  produced  in  the 
xenon/argon  dual-gas  run.  In  general,  the  microstructures  observed  in  this  coating  were 
consistent  with  those  produced  using  each  gas  independently  (Figures  la  and  Ic).  Notably,  the 
layer  produced  with  argon  retained  a  highly  columnar  microstructure,  whereas  the  underlying 
layer  produced  with  xenon  was  fine-grained  and  dense.  Surface  x-ray  analysis  and  diamond 
microindentation  hardness  measurements  confirmed  the  presence  of  the  beta  phase  in  the  surface 
layer  that  was  produced  with  argon.  Microindentation  hardness  measurements  and  the  observed 
dense  microstructure  were  consistent  with  the  formation  of  the  bcc  phase  in  the  underlying 
coating  produced  with  xenon. 
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Prior  work  had  shown  that  when  krypton  was  used  as  the  sputtering  gas  in  the  tube 
sputtering  apparatus,  lower  substrate  temperatures  tended  to  produce  increasing  concentrations 
of  beta-tantalum  (ref  2).  A  coating  sample  (#146)  was  produced  using  xenon  gas  and  a  low 
substrate  temperature  (~100°C)  to  determine  whether  the  use  of  the  heavier  gas  would  produce 
similar  results.  Analysis  of  this  sample  indicated  that  the  tantalum  produced  under  these 
conditions  was  100%  fine-grained  bcc  phase  (Figure  3),  consistent  with  the  microstructure  of 
coatings  produced  using  xenon  at  higher  substrate  temperatures  but  otherwise  similar  bias  and 
deposition  rate  conditions  (Figure  Ic).  Growth  surface  x-ray  analysis  and  microindentation 
hardness  measurements  taken  on  the  coating  cross  section  confirmed  the  presence  of  a  single¬ 
phase  bcc  coating  in  this  sample. 

A  series  of  coating  samples  was  produced  using  krypton-sputtering  gas  and  the  other 
baseline  conditions  summarized  above,  but  with  varying  substrate  biases  (0  to  -150  V).  Higher 
substrate  biases  were  not  tested  due  to  plasma  instability  in  the  sputtering  apparatus  at  higher 
bias  voltages.  Under  the  range  of  bias  conditions  evaluated,  the  coating  system  ran  well  and  the 
coating  surface  appearances  were  similar.  Surface  x-ray  analysis  and  metallographic  cross- 
section  analysis  indicted  that  all  samples  produced  using  substrate  biases  of  50  V  or  higher 
yielded  coatings  consisting  primarily  of  the  bcc  phase,  and  that  these  coatings  exhibited  no 
significant  variation  in  Knoop  microhardness  (Table  1).  The  coatings  were  also  fine-grained, 
exhibiting  no  columnar  growth  features.  Sample  #150,  produced  with  the  substrate  unbiased 
(electrically  floating),  yielded  single-phase  beta  tantalum  exclusively.  In  contrast  with  the  beta- 
phase  coatings  produced  using  argon  (Figures  1  and  2),  however,  this  beta  sample  was  fine¬ 
grained  and  dense.  Cross-sectional  micrographs  of  the  series  of  etched  tantalum  coatings 
produced  using  krypton-sputtering  gas,  a  200°C  substrate  temperature,  and  various  substrate 
biases  are  shown  in  Figure  4.  The  figure  also  shows  growth  surface  x-ray  patterns  for  this  series 
of  samples. 

To  confirm  the  effect  of  bias  on  the  tantalum  coating  phase,  a  separate  sample  (#163)  was 
produced  using  a  stepped  bias  during  the  run.  The  initial  phase  of  the  coating  was  deposited 
without  applied  substrate  bias,  followed  by  a  period  of  deposit  with  the  substrate  biased  at  -100 
V.  The  transition  from  unbiased  to  biased  condition  was  performed  by  simply  turning  on  the 
substrate  bias  power  supply  during  deposition.  There  was  no  interruption  of  the  plasma 
conditions  or  the  coating  process  during  the  transition.  Cross-sectional  analysis  of  the  coating 
produced  in  this  stepped  bias  run  indicated  a  nearly  exclusive  fine-grained  beta  phase  formation 
in  the  unbiased  portion  of  the  run,  and  primarily  fine-grained  bcc  phase  after  application  of  the 
bias  (Figure  5).  The  area  of  transition  between  beta  and  bcc  phase  was  also  characterized  in 
some  areas  of  the  sample,  by  a  longitudinal  crack  running  parallel  to  the  transition  interface.  The 
crack  typically  occurred  on  the  beta  side  of  the  beta/bcc  interface  and  likely  resulted  from 
differences  in  coating  stress  on  either  side  of  the  phase  transition.  Similar  cracks  running  parallel 
to  the  coating  interface  have  been  noted  in  other  thick  beta  phase  sputtered  tantalum  deposits  (ref 
1). 


A  tantalum-coated  sample  was  also  produced  using  xenon  as  the  sputtering  gas  and  a 
200°C  substrate  temperature,  while  varying  the  bias  in  stages  from  0  to  -100  V  during  the 
sputtering  run  (#158).  Figure  6  shows  the  microstructure  of  the  resulting  tantalum  coating.  The 
deposit  produced  during  the  first  three  hours  of  the  run,  at  substrate  biases  of  -50  V  or  less. 
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exhibited  characteristic  properties  of  the  beta  phase  (e.g.,  high  Knoop  microhardness  values, 
crack  formation  parallel  to  the  interface).  In  contrast,  the  growth  surface,  which  was  deposited 
during  the  last  hour  of  the  run  at  -100  V  bias,  exhibited  much  lower  Knoop  microhardness 
values  and  exhibited  no  crack  formation.  Surface  x-ray  analysis  confirmed  that  this  surface  layer 
consisted  exclusively  of  the  bcc  phase. 

Our  results  suggest  that  both  the  sputtering  gas  species  and  the  bias  applied  to  the 
growing  tantalum  film  can  significantly  influence  the  phase  and  microstructure  of  the  coating. 
These  results  can  at  least  qualitatively  be  compared  with  the  results  obtained  by  Ino  et  al.  (ref  9), 
who  related  the  phase  obtained  in  thin-sputtered  tantalum  films  with  the  ion  bombarding  energy 
or  ion  momentum  for  argon  and  xenon  species.  Ino  et  al.  showed  that,  for  a  normalized  ion  flux 
of  26  and  on  a  silicon  substrate,  xenon  gas  produced  the  bcc  phase  within  an  ion  bombardment 
energy  window  from  roughly  30  to  90  eV.  Higher  and  lower  ion  bombardment  energies 
produced  increasing  concentrations  of  beta  phase.  When  using  argon  as  the  sputtering  gas,  they 
found  that  the  upper  bias  limit  of  the  bcc-formation  window  was  shifted  to  lower  ion  bombarding 
energy  (~30  eV),  and  that  a  lower  limit  to  the  window  was  not  detected  at  ion  energies  down  to  5 
eV.  Although  Ino  et  al.  did  not  test  krypton  gas,  we  speculate  that  the  bcc-formation  window  for 
that  gas  would  have  fallen  between  those  of  xenon  and  argon  because  of  its  intermediate  mass. 

The  results  of  the  study  presented  here  are  consistent  with  the  general  trends  noted  by  Ino 
et  al.,  although  we  speculate  that  positions  of  the  bcc-formation  windows  for  the  different 
sputtering  gases  are  shifted  from  the  values  reported  by  them  due  to  differences  in  ion  flux, 
substrate  material,  deposition  rates,  and  deposition  temperature.  We  suggest  that  the  bcc- 
formation  window  under  our  deposition  conditions  still  extends  to  the  highest  ion  bombardment 
energy  for  xenon,  to  a  lower  value  for  krypton,  and  yet  lower  for  argon.  At  a  100  V  bias,  the 
xenon-  and  krypton -deposited  coatings  fall  within  the  bcc-window,  while  the  100  V  bias  falls 
beyond  the  upper  limit  of  the  bcc  window  for  argon-deposited  coatings.  The  results  of  the  series 
of  runs  undertaken  using  krypton  and  different  bias  conditions  indicate  that,  at  the  conditions 
used  for  this  study,  the  lower  limit  for  the  bcc-window  falls  between  0  and  50  eV.  The  results 
from  run  #158  suggest  that  for  xenon,  the  lower  limit  of  the  window  must  fall  between  100  V 
and  50  V. 

CONCLUSIONS  AND  FUTURE  WORK 

The  results  of  this  study  indicate  that  both  sputtering  ion  species  and  substrate  bias  during 
the  deposition  process  strongly  affect  the  phase  and  microstructure  of  thick  sputtered  tantalum 
coatings.  With  the  cylindrical  sputtering  apparatus,  a  200°C  substrate  temperature,  a  -1500  V 
target  bias,  and  a  -100  V  substrate  bias  during  the  deposit,  dense  bcc  phase  tantalum  was  the 
primary  product  using  either  krypton  or  xenon  sputtering  gases.  Using  similar  conditions,  but 
with  argon  as  the  sputtering  gas,  a  beta-phase  tantalum  coating  having  distinct  columnar 
microstructure  was  produced.  When  using  krypton  sputtering  gas  and  otherwise  similar 
sputtering  conditions,  an  unbiased  substrate  produced  a  beta-phase  tantalum,  but  without  the 
columnar  growth  stmcture.  Samples  produced  at  these  conditions  with  higher  substrate  biases 
contained  dense  bcc-phase  tantalum.  Sputtered  tantalum  coatings  produced  with  xenon  gas  at 
-100  V  substrate  bias  were  consistently  bcc-phase,  although  use  of  xenon  gas  with  substrate 
biases  of  -50  V  or  less  produced  beta-phase  coatings.  Coating  phase  and  microstructure  could  be 


6 


altered  in  mid-run  simply  by  adjusting  the  sputtering  parameters,  and  were  apparently  not 
influenced  by  the  stmcture  or  phase  of  the  previously  deposited  material.  The  results  obtained 
are  consistent  with  the  existence  of  bcc-phase  formation  "windows"  whose  positions  depend  on 
substrate  bias  and  sputtering  gas  species.  Future  work  in  this  area  will  include  variable  bias 
studies  using  argon-sputtering  gas  to  confirm  that  it  follows  the  same  trends  observed  for  xenon 
and  krypton,  and  that  thick  bcc-phase  coatings  can  be  produced  using  this  gas  under  the  proper 
conditions. 
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Figure  1 .  Photomicrographs  of  cross-sectioned  and  acid-etched  tantalum  coatings  produced  in 
the  cylindrical  triode-sputtering  apparatus  with  a  200°C  substrate  temperature  and  -100  V 
substrate  bias  using  (a)  argon  (#121),  (b)  krypton  (#132),  and  (c)  xenon  (#125)  sputtering  gases. 
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Figure  2.  Photomicrograph  of  a  cross-sectioned  and  acid-etched  tantalum  coating 
(sample  #147)  produced  by  sequential  deposition  with  xenon  and  argon  sputtering 
gases  at  ~165°C  substrate  temperature  and  a  -100  V  substrate  bias. 


500000 
450000 
^  400000 
Q.  350000 
300000 
^  250000 
c  200000 
^  150000 
100000 
50000 
0 


(tIO) 


20  40 


(2ii) 

(200)  j  (220)  (310)  J222) 

H  ^K  . A  j  i  ft  . ^  . . 

60  80  100  120  140 


20  (Degrees) 


Figure  3.  Photomicrograph  and  x-ray  diffraction  pattern  of  a  tantalum  coating  (sample  #146) 
produced  using  xenon  gas,  a  100°C  substrate  temperature,  and  -100  V  substrate  bias.  The 
strong  1 10  crystallographic  orientation  is  characteristic  of  the  bcc  phase. 
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Figure  4.  Photomicrographs  of  tantalum  coatings  produced  using  krypton  sputtering  gas,  a 
200°C  substrate  temperature,  and  various  substrate  biases  including  (a)  floating  (#150), 

(b)  -50  V  (#155),  (c)  -100  V  (#161),  and  (d)  -150  V  (#152).  A  surface  x-ray  diffraction 
pattern  for  each  sample  is  shown  to  the  right  of  each  photomicrograph. 
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Steel/Ta  interface 
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Figure  5.  Photomicrograph  of  a  sputtered  tantalum  sample  (#163)  produced  using  krypton 
sputtering  gas,  a  200°C  substrate  temperature,  and  a  stepped  substrate  bias  (initially  unbiased, 
-100  V  in  the  outer  layer).  The  irregular  dark  line  at  about  two-thirds  of  the  coating  thickness  is 
a  crack  near  the  outer  limit  of  the  continuous  beta  phase. 
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Figure  6.  Photomicrograph  of  a  cross-sectioned,  sputtered  tantalum  coating  (sample  #158) 
produced  using  xenon  gas,  a  200°C  substrate  temperature,  and  various  substrate  biases  (0  to  -50 
V  for  the  deposit  closest  to  the  steel  interface  and  -100  V  for  the  outer  layer).  Diamond 
indentations  indicate  the  relative  hardness  of  the  inner  layers  produced  at  low  bias  compared 
with  the  outer  layer  produced  at  -100  V  bias. 
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